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of'the semiconductor substrate filling at least a portion of the
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1
PLANAR III-V FIELD EFFECT TRANSISTOR
(FET) ON DIELECTRIC LAYER

BACKGROUND

1. Technical Field

The present disclosure relates to semiconductor devices,
and more particularly to semiconductor devices composed of
1I1-V semiconductor materials.

2. Description of the Related Art

For more than three decades, the continued miniaturization
of silicon metal oxide semiconductor field effect transistors
(MOSFETs) has driven the worldwide semiconductor indus-
try. Various showstoppers to continued scaling have been
predicated for decades, but a history of innovation has sus-
tained Moore’s Law in spite of many challenges. However,
there are growing signs today that metal oxide semiconductor
transistors are beginning to reach their traditional scaling
limits. Since it has become increasingly difficult to improve
MOSFETs and therefore complementary metal oxide semi-
conductor (CMOS) performance through continued scaling,
methods for improving performance without scaling have
become critical.

SUMMARY

In one embodiment, a method of forming a semiconductor
device is provided that includes forming a trench in a dielec-
tric layer, wherein the dielectric layer is present on a semi-
conductor including substrate. A via is formed within the
trench extending from a base of the trench to an exposed
upper surface of the semiconductor including substrate. A
111V semiconductor material is epitaxially formed extending
from the exposed upper surface of the semiconductor includ-
ing substrate filling at least a portion of the trench. A semi-
conductor device is formed on the I1I-V semiconductor mate-
rial that is present in the trench.

In another embodiment, a method of forming a semicon-
ductor substrate is provided that includes forming a trench in
a dielectric layer, the dielectric layer being present on a semi-
conductor including substrate. A via is formed within the
trench, wherein the via extends from a base of the trench to an
exposed upper surface of the semiconductor including sub-
strate. A III-V semiconductor material is epitaxially formed
extending from the exposed upper surface of the semiconduc-
tor including substrate filling at least a portion of the trench.

In another aspect of the present disclosure, an electrical
device is provided on a substrate comprised of a III-V semi-
conductor material that is directly on a dielectric layer. In one
embodiment, the electrical device comprises a base semicon-
ductor layer of a silicon including material and a dielectric
layer present on the base semiconductor layer. A I1I-V semi-
conductor material is present in a trench in the dielectric layer.
The I1I-V semiconductor material is present in direct contact
with at least the dielectric layer at a base of the trench. A via
of the III-V semiconductor material extends from the trench
through the dielectric layer into contact with the base semi-
conductor layer. A semiconductor device is present on the
1I1-V semiconductor material.

BRIEF DESCRIPTION OF DRAWINGS

The disclosure will provide details in the following
description of preferred embodiments with reference to the
following figures wherein:

FIG. 1is a side cross-sectional view depicting one embodi-
ment of forming a trench in a dielectric material, wherein the
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2

dielectric material is present on a semiconductor including
substrate, in accordance with the present disclosure.

FIG. 2A is a side cross-sectional view depicting one
embodiment of forming a via within the trench extending
from a base of the trench to an exposed upper surface of the
semiconductor including substrate, wherein the via is present
underlying a drain region of the subsequently formed semi-
conductor device, in accordance with the present disclosure.

FIG. 2B is a side cross-sectional view depicting another
embodiment of forming a via within the trench extending
from a base of the trench to an exposed upper surface of the
semiconductor including substrate, wherein the via is present
to an exterior of a drain region of the subsequently formed
semiconductor device, in accordance with the present disclo-
sure.

FIG. 2C is a side cross-sectional view depicting another
embodiment of forming a via within the trench extending
from a base of the trench to an exposed upper surface of the
semiconductor including substrate, wherein the via is sepa-
rated from the active region of the subsequently formed semi-
conductor device.

FIG. 3 is a side cross-sectional view depicting epitaxially
forming a III-V semiconductor material extending from the
exposed upper surface of the semiconductor including sub-
strate filling at least a portion of the trench depicted in FIG.
2A, in accordance with one embodiment of the present dis-
closure.

FIG. 4 is a side cross-sectional view depicting forming a
semiconductor device on the III-V semiconductor material
that is present in the trench of the dielectric material layer that
is depicted in FIG. 3, in accordance with one embodiment of
the present disclosure.

FIG. 5 is a side cross-sectional view depicting epitaxially
forming a [1I-V semiconductor material in the trench depicted
in FIG. 2B, wherein the portion of the III-V semiconductor
material that is present in the via extending to the semicon-
ductor including substrate is removed, in accordance with one
embodiment of the present disclosure.

FIG. 6 s a side cross-sectional view depicting filling the via
depicted in FIG. 5 with a dielectric, and forming a semicon-
ductor device on the III-V semiconductor material.

FIG. 7A is a side cross-sectional view depicting epitaxially
forming a [1I-V semiconductor material in the trench depicted
in FIG. 2C, removing the portion of the III-V semiconductor
material that is present in the via extending to the semicon-
ductor including substrate, forming a dielectric material fill-
ing the via and forming a semiconductor device on the I1I-V
semiconductor material, in accordance with one embodiment
of the present disclosure.

FIG. 7B is a top down view of the semiconductor device
depicted in FIG. 7A.

FIG. 8 is a side cross-sectional view of a semiconductor on
insulator (SOI) substrate for use in one embodiment of the
present disclosure.

FIG. 9 is a side cross-sectional view depicting patterning
the SOI layer of the SOI substrate depicted in FIG. 8 to
provide an active region of a type IV semiconductor device,
and forming an isolation region adjacent to the active region,
in accordance with one embodiment of the present disclosure.

FIG. 10 is a side cross-sectional view depicting forming a
III-V semiconductor material within a trench that is posi-
tioned in the isolation region depicted in FIG. 9, in accor-
dance with one embodiment of the present disclosure.

FIG. 11 is a side cross-sectional view depicting forming a
first semiconductor device in the active region of the type IV
semiconductor and forming a second semiconductor device
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on the ITI-V semiconductor material, in accordance with one
embodiment of the present disclosure.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Detailed embodiments of the claimed structures and meth-
ods are disclosed herein; however, it is to be understood that
the disclosed embodiments are merely illustrative of the
claimed structures and methods that may be embodied in
various forms. In addition, each of the examples given in
connection with the various embodiments are intended to be
illustrative, and not restrictive. Further, the figures are not
necessarily to scale, some features may be exaggerated to
show details of particular components. Therefore, specific
structural and functional details disclosed herein are not to be
interpreted as limiting, but merely as a representative basis for
teaching one skilled in the art to variously employ the meth-
ods and structures of the present disclosure. For purposes of
the description hereinafter, the terms “upper”, “lower”,
“right”, “left”, “vertical”, “horizontal”, “top”, “bottom”, and
derivatives thereof shall relate to the embodiments of the
disclosure, as it is oriented in the drawing figures. The terms
“positioned on” means that a first element, such as a first
structure, is present on a second element, such as a second
structure, wherein intervening elements, such as an interface
structure, e.g. interface layer, may be present between the first
element and the second element. The term “direct contact”
means that a first element, such as a first structure, and a
second element, such as a second structure, are connected
without any intermediary conducting, insulating or semicon-
ductor layers at the interface of the two elements.

In some embodiments, the methods and structures dis-
closed herein are related to forming semiconductor devices
on type III-V semiconductor materials. As used herein, the
term “semiconductor device” refers to an intrinsic semicon-
ductor material that has been doped, that is, into which a
doping agent has been introduced, giving it different electri-
cal properties than the intrinsic semiconductor. Doping
involves adding dopant atoms to an intrinsic semiconductor,
which changes the electron and hole carrier concentrations of
the intrinsic semiconductor at thermal equilibrium. Dominant
carrier concentration in an extrinsic semiconductor deter-
mines the conductivity type of the semiconductor. For
example, when the dominant carrier concentration is elec-
trons, the semiconductor device is referred to as being an
n-type semiconductor device; and when the dominant carrier
concentration is holes, the semiconductor device is referred to
as being a p-type semiconductor device.

In one embodiment, the semiconductor devices suitable for
use with methods and structures disclosed herein are field
effect transistors (FETs). A field effect transistor (FET) is a
semiconductor device in which output current, i.e., source-
drain current, is controlled by the voltage applied to a gate
structure to the semiconductor device. A field effect transistor
has three terminals, i.e., gate structure, source region and
drain region. As used herein, the term “drain” means a doped
region in semiconductor device located at the end of the
channel region, in which carriers are flowing out of the tran-
sistor through the drain. The term “source” is a doped region
in the semiconductor device, in which majority carriers are
flowing into the channel region. The channel region is the
region underlying the gate structure and between the source
and drain of a semiconductor device that becomes conductive
when the semiconductor device is turned on.

It is noted that the semiconductor devices for use with the
methods and structures disclosed herein are not limited to
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only field effect transistors. Any planar semiconductor device
is suitable for use with the methods and structures that are
disclosed herein. The term “planar” as used to describe a
semiconductor device orientation denotes that the direction
of'charge carriers from the source region to the drain region of
the semiconductor device is along a plane that is parallel to
the upper surface of the substrate, wherein a gate structure is
present on the upper surface of the substrate. For example, the
planar semiconductor device that is suitable for use with the
present application includes junction field effect transistors
(JFET), Schottky barrier devices, bipolar junction transistors
having the appropriate planar orientation, flash memory
devices, high-electron-mobility-transistor (HEMT), and
combinations thereof.

A type “III-V” semiconductor material denotes a semicon-
ductor material that includes at least one element from Group
IIIA (group 13 under the modern International Union of Pure
and Applied Chemistry (IUPAC)) and at least one element
from Group VA (group 15 under the modern International
Union of Pure and Applied Chemistry (IUPAC)) of the Peri-
odic Table of Elements. Typically, the III-V compound semi-
conductors are binary, ternary or quaternary alloys including
1IVV elements.

It has been determined that forming planar semiconductor
devices on type I1I-V semiconductor materials sitting on top
of the low-k dielectrics reduces short channel effects. The
short channel effect is the decrease of threshold voltage as the
channel length is reduced. The low-k layer right below the
MOSFET can impede the crosstalk of electric field between
the source region and the drain region, and therefore mitigate
short channel effect. Low defect density and single crystalline
1I1-V semiconductor materials can not be directly formed on
dielectric materials. Further direct wafer bonding techniques
are complicated, and are expensive for mass production of
complementary metal oxide semiconductor (CMOS)
devices.

In some embodiments, the methods and structures dis-
closed herein may overcome at least some of the aforemen-
tioned disadvantages by epitaxially growing III-V semicon-
ductor materials from a seed surface, i.e., semiconductor
containing surface, to extend onto low-k dielectric materials.
More specifically, in some embodiments, a method of form-
ing a semiconductor substrate is provided that includes form-
ing a trench in a dielectric layer that is present on a semicon-
ductor including substrate; forming a via within the trench
extending to an exposed upper surface of the semiconductor
including substrate; and epitaxially forming a I1I-V semicon-
ductor material extending from the exposed upper surface of
the semiconductor including substrate, wherein the III-V
semiconductor material fills at least a portion of the trench. In
this embodiment, the exposed upper surface of the semicon-
ductor substrate provides a seed layer for epitaxial growth of
the III-V semiconductor material. The details of the above
described method, and related structures, are now discussed
in greater detail with reference to FIGS. 1-11.

FIG. 1 depicts one embodiment of forming a trench 15 in a
dielectric layer 10 that is present on a semiconductor includ-
ing substrate 5. In one embodiment, the semiconductor
including substrate 5 is a bulk semiconductor substrate. A
“bulk semiconductor substrate” is a substrate that is com-
posed of a single semiconductor material. The semiconductor
material that provides the bulk semiconductor substrate may
be a semiconducting material including, but not limited to
silicon, strained silicon, a silicon carbon alloy (e.g., silicon
doped with carbon (Si:C), silicon germanium, a silicon ger-
manium and carbon alloy (e.g., silicon germanium doped
with carbon (SiGe:C), silicon alloys, germanium, germanium
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alloys, gallium arsenic, indium arsenic, indium phosphide, as
well as other III/V and II/VI compound semiconductors. In
other embodiments, the semiconductor including substrate 5
may be a semiconductor on insulator (SOI) substrate. An SOI
substrate includes a first semiconductor layer (also referred to
as SOl layer) on a buried dielectric layer, wherein the buried
dielectric layer is present on a second semiconductor layer
(also referred to as base semiconductor layer).

In some embodiments, the upper surface S1 of the semi-
conductor including substrate 5 is a crystalline material, such
as a single crystal material. The term “crystalline” includes
nanocrystalline, polycrystalline or microcrystalline. The term
“single crystalline” denotes a crystalline solid, in which the
crystal lattice of the entire sample is substantially continuous
and substantially unbroken to the edges of the sample, with
substantially no grain boundaries.

The dielectric layer 10 may be formed on the upper surface
S1 of the semiconductor including substrate 5. The dielectric
layer 10 may be composed of an oxide, nitride or oxynitride
material layer. In one example, when the dielectric layer 10 is
composed of an oxide, the dielectric layer 10 may be com-
posed of silicon oxide (Si0,). In some embodiments, the
dielectric layer 10 may be composed of a low-k dielectric
material. As used herein, the term “low-k” denotes a dielectric
constant of 4.0 or less measured from a dielectric at room
temperature, e.g., 20° C. to 25° C., and at atmospheric pres-
sure, e.g., 1 atm. In one embodiment, a dielectric layer 10
having a low-k dielectric has a dielectric constant ranging
from 1.0 to 3.0. In one embodiment, a low-k dielectric layer
10 comprises SiICOH or an aromatic hydrocarbon polymer
composition, such as SILK™. In another embodiment, the
low-k dielectric layer 10 comprises carbon-doped oxides. In
an even further embodiment, the low-k dielectric layer 10
comprises an undoped silica glass. In one embodiment, the
low-k dielectric layer 10 is composed of diamond-like carbon
(DLC). In one embodiment, the low-k dielectric layer is non-
porous. In another embodiment, the low-k dielectric layer 10
is porous.

In one embodiment, the deposition process for forming the
low-k dielectric layer 10 comprises chemical vapor deposi-
tion (CVD), plasma enhanced chemical vapor deposition
(PECVD), physical vapor deposition (PVD), high-density
plasma CVD or spin-on glass process. In one embodiment,
the low-k dielectric layer has a thickness T1 ranging from 10
nm to 1000 nm. In another embodiment, the low-k dielectric
layer 10 has a thickness T1 ranging from 100 nm to 500 nm.

FIG. 1 further depicts forming a trench 15 in the dielectric
layer 10. The trench 15 may be formed deposition, photoli-
thography and a selective etching process. Specifically, a first
photoresist etch mask (not shown) is produced on the dielec-
tric layer 10 by depositing a photoresist material layer onto
the surface to be etched, exposing the photoresist material
layer to a pattern of radiation, and then developing the pat-
terned material into a first photoresist etch mask utilizing a
resist developer. Once the patterning of the photoresist mate-
rial is completed, the sections covered by the first photoresist
etch mask are protected, while the exposed regions are
removed using a selective etching process that removes the
unprotected regions of the dielectric layer 10 to provide the
trench 15. The etch process may be an anisotropic etch pro-
cess, such as reactive ion etch (RIE). The etch process for
forming the trench 15 recesses the dielectric layer 10, but does
not remove the entirety of the dielectric layer 10 to expose the
semiconductor including substrate 5. Following etching, the
first photoresist etch mask may be removed using selective
etching, chemical stripping or oxygen ashing.
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The trench 15 may have a depth D1 ranging from 1 nm to
1000 nm. In another embodiment, the trench 15 has a depth
D1 ranging from 5 nm to 30 nm. The trench 15 may have a
width W1 ranging from 10 nm to 10000 nm. In another
embodiment, the trench 15 has a width W1 ranging from 30
nm to 100 nm.

FIGS. 2A-2C depict some embodiments of forming a via
20 within the trench 15 extending from a base B1 of the trench
15 to an exposed upper surface S1 of the semiconductor
including substrate 5. In some embodiments, the via 20 may
be formed using photolithography and etch processes similar
to the method of forming the trench 15 that is described
above. For example, a second photoresist etch mask (not
shown) is produced on the dielectric layer 10 and the trench
15 by depositing a photoresist material layer onto the surface
to be etched, exposing the photoresist material layer to a
pattern of radiation, and then developing the patterned mate-
rial into a second photoresist etch mask utilizing a resist
developer. Once the patterning of the photoresist material is
completed, the sections of the trench 15 and dielectric layer
10 covered by the second photoresist etch mask are protected,
while the exposed portion of the dielectric layer 10 that pro-
vides a portion of the base surface of the trench 15 is removed
using a selective etch process.

The etch process for forming the via 20 may be a selective
etch process that removes the unprotected regions of the
dielectric layer 10 selectively to the second photoresist etch
mask and the semiconductor including substrate 5. As used
herein, the term “selective” in reference to a material removal
process denotes that the rate of material removal for a first
material is greater than the rate of removal for at least another
material of the structure to which the material removal pro-
cess is being applied. For example, in one embodiment, a
selective etch may include an etch chemistry that removes a
first material selectively to a second material by a ratio of
100:1 or greater, e.g., 1000:1.

The etch process for forming the via 20 may be an etch
process. As used herein, an “anisotropic etch process”
denotes a material removal process in which the etch rate in
the direction normal to the surface to be etched is greater than
in the direction parallel to the surface to be etched. The
anisotropic etch may include reactive-ion etching (RIE).
Other examples of anisotropic etching that can be used at this
point of the present disclosure include ion beam etching,
plasma etching or laser ablation. The etch process may also be
timed and/or employ end point detection methods to deter-
mine when the etch process has reached and exposed a sur-
face of the semiconductor including substrate 5. Following
etching to form the via 20, the second photoresist etch mask
may be removed using selective etching, chemical stripping
or oxygen ashing.

The via 20 may have a depth D2 ranging from 1 nm to 500
nm. In another embodiment, the via 20 has a depth D2 ranging
from 10 nm to 50 nm. The via 20 may have a width W2
ranging from 1 nm to 1000 nm. In another embodiment, the
via 20 has a width W2 ranging from 5 nm to 50 nm.

FIG. 2A depicts one embodiment of the present disclosure
in which the via 20 is present in the portion of the trench 15
that would position the via 20 underlying a drain region of a
subsequently formed semiconductor device. It is noted that
the via 20 may be positioned under any active region of the
subsequently formed semiconductor device including the
channel region and source region. FIG. 2B depicts another
embodiment, in which the via 15 is positioned extending from
a base of the trench 15 to an exposed upper surface S1 of the
semiconductor including substrate 5, wherein the via 10 is
present to an exterior of a drain region or source region of the
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subsequently formed semiconductor device. FI1G. 2C depicts
another embodiment of the present disclosure in which the
via 20 is separated from the active region of the subsequently
formed semiconductor device. FIG. 2C is a top down view
depicting a via 20 having a multi-sided shape. It is noted that
the via 20 is not limited to only this geometry. For example,
the via 20 may have a circular or oblong shape when view
from the top down perspective.

FIG. 3 depicts one embodiment of epitaxially forming a
type III-V semiconductor material 30 extending from the
exposed upper surface S1 of the semiconductor including
substrate 5 filling the via 20 and filling at least a portion of the
trench 15. In one embodiment, the IT1I-V semiconductor mate-
rial 30 may be composed of at least one material selected from
the group consisting of from the group consisting of alumi-
num antimonide (AlISb), aluminum arsenide (AlAs), alumi-
num nitride (AIN), aluminum phosphide (AlP), gallium ars-
enide (GaAs), gallium phosphide (GaP), indium antimonide
(InSb), indium arsenic (InAs), indium nitride (InN), indium
phosphide (InP), aluminum gallium arsenide (AlGaAs),
indium gallium phosphide (InGaP), aluminum indium
arsenic (AllnAs), aluminum indium antimonide (AllnSb),
gallium arsenide nitride (GaAsN), gallium arsenide anti-
monide (GaAsSb), aluminum gallium nitride (AlGaN), alu-
minum gallium phosphide (AlGaP), indium gallium nitride
(InGaN), indium arsenide antimonide (InAsSb), indium gal-
lium antimonide (InGaSh), aluminum gallium indium phos-
phide (AlGalnP), aluminum gallium arsenide phosphide (Al-
GaAsP), indium gallium arsenide phosphide (InGaAsP),
indium arsenide antimonide phosphide (InArSbP), aluminum
indium arsenide phosphide (AllnAsP), aluminum gallium
arsenide nitride (AlGaAsN), indium gallium arsenide nitride
(InGaAsN), indium aluminum arsenide nitride (InAlAsN),
gallium arsenide antimonide nitride (GaAsSbN), gallium
indium nitride arsenide aluminum antimonide (GalnNAsSb),
gallium indium arsenide antimonide phosphide (Galn-
AsSbP), and combinations thereof.

The terms “epitaxially growing, epitaxial growth and/or
deposition” mean the growth of a semiconductor material on
adeposition surface of a semiconductor material, in which the
semiconductor material being grown has the same crystalline
characteristics as the semiconductor material of the deposi-
tion surface. When the chemical reactants are controlled and
the system parameters set correctly, the depositing atoms
arrive at the deposition surface with sufficient energy to move
around on the surface and orient themselves to the crystal
arrangement of the atoms of the deposition surface. Thus, an
epitaxial film deposited on a {100} crystal surface will take
on a {100} orientation.

In some embodiments, the exposed upper surface S1 of the
semiconductor including substrate 5 provides the seed sur-
face for epitaxial growth of the I1I-V semiconductor material
30. More specifically, epitaxially growth of the III-V semi-
conductor material 30 starts at the exposed upper surface S1
of'the semiconductor including substrate 5 filling the via 20 as
the deposition process continues, wherein once the via 20 is
filled the epitaxially II1I-V semiconductor material 30 grows
from the via 20 into the trench 15. As the epitaxially growth
process continues, the I1I-V semiconductor material 30 may
fill the trench 15, wherein epitaxial III-V semiconductor
material 30 is in direct contact with the base surface B1 and
the sidewall surfaces S2, S3 ofthe trench 15. In some embodi-
ments, the epitaxial growth may continue after the trench 15
is entirely filled and until a portion of the epitaxial 1II-V
semiconductor material 30 extends from the trench 15 onto
the upper surface of the dielectric layer 10 at the exterior of
the trench 15.
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A number of different sources may be used for the depo-
sition of epitaxial III-V semiconductor material 30. In some
embodiments, the sources for epitaxial growth of type I1I-V
semiconductor material 30 include solid sources containing
In, Ga, N, P elements and combinations thereof and/or a gas
precursor selected from the group consisting of trimethylgal-
lium (TMG), trimethylindium (TMI), tertiary-butylphos-
phine (TBP), phosphine (PH;), ammonia (NH;), and combi-
nations thereof. The temperature for epitaxial deposition of
type III-V semiconductor materials typically ranges from
550° C. to 900° C. Although higher temperature typically
results in faster deposition, the faster deposition may result in
crystal defects and film cracking. The deposition chamber for
the epitaxial growth process may be provided by a chemical
vapor deposition apparatus, such as a plasma enhanced
chemical vapor deposition apparatus or a metal organic
chemical vapor deposition apparatus.

The type I1I-V semiconductor material 30 that is epitaxi-
ally grown from the exposed upper surface S1 of the semi-
conductor including substrate 5 is typically a crystalline
material, such as a single crystalline material. In some
embodiments, the portion of the epitaxial III-V semiconduc-
tor material 30 that is present within the via 20 and in direct
contact with the exposed surface S1 of the semiconductor
including substrate 5 may have a concentration, i.e., surface
density, of crystalline defects that is greater than 1x10°
defects/cm?, and may be referred to as a high defect concen-
tration interface 25. The crystalline defects may be disloca-
tion defects, point defects, stacking faults and combinations
thereof. In one embodiment, the concentration, i.e., surface
density, of crystalline defects that are present at the high
defect concentration interface 25 may range from 1x10'°
defects/cm” to 1x107 defects/cm?.

As the type I1I-V semiconductor material 30 grows from
the seed surface, i.e., exposed upper surface S1 of the semi-
conductor including substrate 5, through the via 20 into the
trench 15, the defect density is reduced. The concentration of
defects in the type III-V semiconductor material 30 that is
present in the trench 15 may equal to 1x10° defects/cm® or
less, and may be referred to as having a low defect density. In
one embodiment, the defect density within the type III-V
semiconductor material 30 that is present in the trench 15 may
range from 1x10° defects/cm® 